P
otassium is an ubiquitous electrolyte in the human body and is important in fundamental physiological processes, such as maintenance of cellular membrane potential and transmission of action potentials in synaptic processes. [1] [2] [3] Several clinical characteristics are known to alter the S-K levels; including CKD, diabetes mellitus, and heart failure (HF). 4, 5 Medical treatment itself, such as renin-angiotensin-aldosterone inhibitors (RAASis) and nonsteroidal antiinflammatory drugs, can increase the risk of hyperkalemia. 4, 5 Overall, the reported incidence of hyperkalemia ranged between 1% and 10% in hospitalized patients. 6, 7 There has been an increasing amount of work published on this topic, and recent reports have alluded to increased risk of adverse clinical outcomes in patients with hyperkalemia. In a hospital-based cohort outcome study of 923 Korean patients, dichotomized analysis showed that patients with potassium level $6.5 mmol/l had an in-hospital mortality of 31%. 8 Similar findings were found in patients with CKD and HF. 9, 10 However, the incidence and outcome of potassium abnormality in a broader range of patient population are unclear. Particularly, as hyperkalemia occurs secondary to certain diseases, such as CKD and HF, epidemiological data from large datasets that represent various clinical settings are required to understand its management. Moreover, previous studies have been performed in limited geographical regions, such as the United States and Europe. 11 Given the difference in the prevalence of predisposing clinical factors and available treatment strategies, it is important to understand the characteristics and long-term effects of hyperkalemia across various regions. 12 Herein, we designed the REVEAL-HK study (an observational research on the prevalence, treatment pattern, and long-term risk of hyperkalemia in real-world clinical practice) to understand the prevalence, incidence, treatment patterns, and management of hyperkalemia in a broad range of Japanese patients in a hospital database with >1 million patient records.
METHODS

Data Source
Data were obtained from Medical Data Vision, one of the largest Japanese all-comer hospital claims databases. Medical Data Vision is a database composed of claims data and a diagnostic and procedural coding system, including individual prescription and laboratory data. Data were obtained from >300 hospitals across Japan. Data collection was started in April 2008 and currently covers >20 million inpatients and outpatients. Medical Data Vision uses International Classification of Diseases, 10th Revision coding. This study was reviewed and approved by an independent ethics committee.
Study Design and Patient Selection
This is an observational retrospective cohort study using a Japanese hospital-based database and consisting of 2 parts. The first part demonstrates the overall impact of the index S-K level on long-term clinical outcomes, and the second part describes the clinical characteristics, treatment patterns, and management of hyperkalemia.
Both inpatients and outpatients were included. Hyperkalemia was defined as at least 2 S-K readings $5.1 mEq/l, as used in a previous study.
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Hyperkalemia episodes were defined as episodes with a recorded S-K level of $5.1 mEq/l. Index date was defined as the date of first hyperkalemia measurement. The follow-up period was measured from the index date until the date of emigration from the database, date of death, or end of the study period, whichever came first. For the overall assessment of index S-K level and prevalence, patients aged $18 years with at least 1 S-K measurement were selected from the database within the study period from April 1, 2008 , to September 30, 2017 . For the second part and the analysis of clinical outcomes, patients aged $18 years with at least 2 measurements of S-K $5.1 mEq/l and followed up for $360 days after the first hyperkalemia Cubic spline analysis of the 3-year incidence of in-hospital death according to serum potassium levels. Five knots at the 17th, 33th, 50th, 67th, and 83th percentiles were used.
episode during the study period were selected. Because each patient had a different index date (different year and month), we defined 1 month as 30 days for a fair comparison among patients. The threshold of follow-up period was set as 12 months after the index hyperkalemia. Patients with a cancer diagnosis during the study period or those undergoing dialysis before the index date were excluded.
Covariates
High-Risk Subgroups
Subgroups of patients with hyperkalemia were defined based on high-risk comorbidities including CKD, diabetes mellitus, HF, and hypertension, which are associated with the occurrence of hyperkalemia. 4, 5, 8 CKD severity was based on the estimated glomerular filtration rate (Supplementary Table S1 ). Other comorbidities of interest were defined using International Classification of Diseases, 10th Revision codes (Supplementary Tables S2 and S3 ).
Treatment Patterns
Hyperkalemia treatments included thiazide diuretics, loop diuretics, glucose injection, calcium gluconate, sodium bicarbonate, and potassium binders. A low daily dose of a potassium binder was defined as an average daily dose lower than the recommended minimum daily dose in the drug labels. Drugs associated with the occurrence of hyperkalemia, including RAASi (i.e., angiotensin-converting enzyme inhibitors, Figure 3 . Cumulative incidence of death in hyperkalemic and normokalemic (serum potassium [S-K] 3.6-5.0 mEq/l) patients. CKD, chronic kidney disease; DM, diabetes mellitus; HF, heart failure; HTN, hypertension. comorbidity index, and high-risk comorbidities were performed. Although an S-K reading of $5.1 mEq/l was defined as a hyperkalemia episode, we further reported the incidence according to the severity of hyperkalemia episode, as S-K $5.5 and $6.0 mEq/l. Subgroup analyses of prevalence, incidence rates, and cumulative incidences of a first hyperkalemia episode were performed in patients with RAASi treatment and those with high-risk comorbidities, and stratified by different CKD stages and age categories, separately. Cumulative incidences of the first hyperkalemia episode and recurrence of hyperkalemia were estimated using cumulative incidence function, considering death as a competing risk. The Kaplan-Meier method was used to estimate the median time to discontinuation of potassium binder treatment or death. All statistical analyses, except for cubic spline analysis, were performed using SAS version 9.4 (SAS Institute, Cary, NC). Cubic spline regression analysis was performed using R 3.5.1.
RESULTS
We extracted 1,022,087 patients aged $18 years with at least 1 S-K measurement during the study period from the Medical Data Vision database as the overall study population. Of them, we identified 67,681 (6.6%) patients with hyperkalemia. After excluding 16,033 patients who could not be followed up for 360 days except for death after the index hyperkalemia, 2501 patients who had dialysis before index hyperkalemia, and 23,752 patients with a cancer diagnosis, 25,395 (2.5%) patients were identified for the second part of the analysis (Figure 1 ). The median time interval between the first 2 examinations with S-K level of $5.1 mEq/l was 70 days. Figure 2 shows the results of cubic spline analysis of the association between the 3-year incidence of death and the S-K level. The incidence was higher according to potassium levels with a nadir of S-K 4.0 mEq/l. An estimated 3-year mortality rate at S-K 6.0 mEq/l was 17.7% (95% CI: 16.9-18.5). Results for other clinical outcomes, including hospitalization for cardiac events, introduction of renal replacement therapy, rehospitalization, hospitalization for HF, and use of calcium gluconate and glucose-insulin therapy, are shown in Supplementary Figure S1 . Patients with hyperkalemia had an increased risk of mortality with hazard ratios of 7.6 (95% CI: 7.2-8.0) at S-K 5.1 to 5.4 mEq/l, 10.6 (95% CI: 9.9-11.4) at S-K 5.5 to 5.9 mEq/l, and 17.7 (95% CI: 16.3-19.2) at S-K $6.0 mEq/l (Table 1 ). Death occurred in 22.0% (95% CI: 21.5%-22.6%) of the patients within 3 years after the first hyperkalemia episode and in 1.7% (95% CI: 1.6%-1.7%) of those with normokalemia ( Figure 3 ). The risk difference between 2 groups was 20.4% (95% CI: 19.9%-20.9%). A higher 3-year mortality rate (32.5%; 95% CI: 31.4-33.6%) was observed in the hyperkalemia subgroup with HF. The 3-year mortality rates in patients with CKD stages 3a, 3b, 4, and 5 with normokalemia were 1.51%, 3.93%, 10.86%, and 12.09%, whereas that in patients with CKD stage 3a with mild (5.1-5.4 mEq/l), moderate (5.5-5.9 mEq/l), and severe (>6.0 mEq/l) hyperkalemia increased to 10.31%, 11.43%, and 22.64%, respectively (Figure 4 ). Table 2 shows the prevalence and incidence of hyperkalemia in 2016 in the overall population (n ¼ 332,503) and in the RAASi therapy group (n ¼ 72,822) by high-risk subgroups. The high-risk subgroups had higher prevalence (per 1000) of hyperkalemia, such as CKD (prevalence: 227.9), HF (134.0), diabetes mellitus (108.4), and hypertension (108.3) than the overall study population (67.9). Prevalence increased in accordance with the severity of CKD (stage 1: 72.4, stage 2: 103.3, stage 3a: 132.2, stage 3b: 245.6, stage 4: 436.5, and stage 5: 511.9). The incidence of hyperkalemia in the overall population and in the RAASi therapy subgroup was 2.9 and 5.9 per 100 patient-year-at-risk, respectively. Patients with RAASi therapy had higher prevalence and incidence of hyperkalemia in all subgroups ( Figure 5 ). The highest incidence was seen in patients with stage 5 CKD (66.2) followed by those with stage 4 (51.7) and stage 3b (21.0) ( Figure 6 ). Older patients had higher incidence rates per 100 patient-year-at-risk, as follows: 2.18 in patients aged 18-64 years, 4.75 in patients aged 65-74 years, and 7.73 in patients aged 75þ years (Supplementary Figure S2) . Table 3 shows the patient characteristics at the time of index hyperkalemia. The mean age was 72.4 AE 13.0 years, and 55% were men. The mean S-K level was 5.4 AE 0.5 mEq/l. In terms of high-risk comorbidities, 64.8% of patients had hypertension, 56.4% had CKD, 47.7% had diabetes mellitus, and 33.7% had HF. Within the CKD group, >70% were in advanced stages (19.6% stage 5, 28.9 % stage 4, and 25.9% stage 3b, respectively). Other comorbidities are listed in Supplementary Table S4 . Table 4 shows the treatment patterns at the time of index hyperkalemia and during the follow-up period; 40.2% of patients were taking RAASis before the index hyperkalemia. More patients were taking mineralcorticoid receptor antagonists in the HF group (28.1%) than in other subgroups. Notably, 53.7% or 13.1% of patients experienced discontinuation or dose reduction of RAASi, respectively, after a first hyperkalemia episode. Loop diuretics were used by 18.5%, followed by potassium binders, which were used by 5.8% of patients. Compared with other subgroups, more patients used loop diuretics (38.2%) in the HF (Table 5) . During the follow-up period, 73.2% of patients were taking potassium-lowering agents. Of them, 24.0% were potassium binders, although all patients were taking a low daily dose. Figure 7 shows the survival curve of continuation of potassium binders prescribed at index hyperkalemia. The median time to discontinuation was 140 days (95% CI: 118-170). The mean medication possession ratio in overall patients was 77.2% AE 29.0% (Supplementary Table S5 ).
Prevalence and Incidence
Patient Demographics
Treatment Patterns
Potassium Control After Hyperkalemia
More than 30% of patients had persistently high S-K ($5.1 mEq/l), with 34.5% at 6 months and 36.6% at 12 months. In patients taking a potassium binder at index hyperkalemia, the proportion of those who retained a high S-K level were 43.2% at 6 months and 43.2% at 12 months (Figure 8 ). The cumulative incidence of recurrent hyperkalemia at 1 year was 55.6% for S-K $5.1 mEq/l, 19.9% for S-K $5.5 mEq/l, and 4.9% for S-K $6.0 mEq/l ( Figure 9 ).
DISCUSSION
To our knowledge, this is the first report of epidemiological data on hyperkalemia in Japanese clinical practice from a large hospital claims database. The mean duration of patient follow-up was 2.74 years in a cohort of >25,000 patients with hyperkalemia. Hence, the present study provides comprehensive epidemiological data of hyperkalemia with substantial numbers of patients and follow-up time in real clinical settings.
According to the nationwide patient survey in 2014, 13 the number of Japanese patients using inhospital and outpatient care facilities, excluding dentist office, was 7,193,700. If the results of this study are applied, the estimated number of patients with hyperkalemia is approximately 483,000 to 495,000 in Japan. The prevalence of hyperkalemia consistently Glucose injection þ insulin was counted only when the glucose injection was used concomitantly with insulin on the same day. The denominator was the number of patients using potassium binders (n ¼ 6087). increased in patients with RAASi treatment in any subgroup. Likewise, the prevalence was greater in patients with advanced CKD stage or HF. The cumulative incidence of first hyperkalemia episodes increased along with the progression of CKD stages, and the increase was more obvious in stage 3a to stage 3b and stage 3b to stage 4. Higher cumulative incidence was also seen in patients using RAASis and in advanced age groups. These results are consistent with previous reports. [14] [15] [16] A Danish health registry study with >60,000 patients reported that the incidence increases from moderate to severe CKD, and that hyperkalemia was more prevalent in patients with CKD, HF, or angiotensin-converting enzyme inhibitor use. 17 A Swedish observational study reported higher incidences of hyperkalemia in patients with HF, lower estimated glomerular filtration rate, and RAASi use. 18 In this study, 6.98% of patients experienced hyperkalemia over 3 years.
In the hyperkalemia cohort, approximately 3 in 4 patients were $65 years old. Cardiovascular disease history was prevalent: 22.8% of patients had a history of cerebrovascular disease, 14.9% had a history of peripheral vascular disease, and 4.2% had a history of myocardial infarction (Supplementary Table S4 ). A Danish registry study reported similar incidences of these conditions except myocardial infarction history. 19 Among the high-risk group, patients with HF had several distinctive characteristics compared with others. Comorbidities such as atrial fibrillation/flutter and valvular heart disease were more prevalent in patients with HF. Renal function is a crucial component associated with hyperkalemia development. The results showed that 56.4% of the hyperkalemia cohort had CKD, whereas >70% of patients with CKD had severe or end-stage kidney disease (stage 3b, 4, or 5).
More than 40% of patients received RAASi at the time of index hyperkalemia, and the prevalence of RAASi medication was increased in high-risk groups, such as patients with CKD and HF. For these high-risk conditions, RAASi therapy is an important component of guideline-directed medical therapy, 20 which demonstrated cardiorenal-protective effects in numerous studies, by slowing down the progression of kidney disease in the CKD population, [21] [22] [23] [24] and improved clinical outcomes in patients with HF. [25] [26] [27] [28] However, the results indicated that >50% of patients experienced discontinuation of RAASi after a first hyperkalemia episode even in those with high-risk conditions (53.9% for CKD and 54.1% for HF). These results indicate that a substantial number of patients requiring RAASi therapy for improving cardiorenal outcome are being exposed to nonoptimized RAASi dose because of hyperkalemia. The results also suggest the underestimated incidence and discontinuation rate of RAASi in previous clinical trials in this population. Various factors such as strict enrollment criteria and Glucose injection þ insulin was counted only when the glucose injection was used concomitantly with insulin on the same day. Figure 7 . Kaplan-Meier analysis of time to discontinuation of initial potassium binder treatment. Discontinuation of potassium binders was defined as potassium binders not being prescribed $30-day gap after the last day of the supply of the previous prescription during the follow-up period. CI, confidence interval; CKD, chronic kidney disease; DM, diabetes mellitus; HF, heart failure; HTN, hypertension.
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close monitoring of patients may cause the underestimation of the real frequency of problems caused by hyperkalemia. 29 A study using primary care data in the United Kingdom has shown the increased risk of RAASi discontinuation. 30 In this study, a J-shaped association between S-K and RAASi discontinuation was observed, and estimated glomerular filtration rate was the most predictive factor for RAASi discontinuation. As patients with cardiac or renal disease prescribed with RAASi are the group that may derive the greatest cardiorenal benefit from RAASi treatment, 5, 31 better solutions to manage hyperkalemia while optimizing RAASi treatment are required. A recently published expert consensus statement recommended considering the use of S-K lowering agents, such as non-potassium-sparing diuretics and/or potassium binders, for continuation of RAASi treatment while closely monitoring S-K levels and renal function. 32 Patients may experience more adverse cardiorenal outcomes and higher mortality if they discontinue or receive lower doses of RAASi treatment. 33 A previous study reported more cardiorenal adverse events and higher mortality in patients who discontinued RAASi or were receiving submaximal doses than in those receiving the maximum dose among the nondialysis CKD population. 34 Further studies are warranted on the association between the incidence of clinical outcomes and the discontinuation or dose reduction of RAASis to measure hyperkalemia burden in the context of guideline-directed medical therapy.
Our results indicate that loop diuretics were a mainstay of medical treatments for lowering S-K. Potassium binders were used by relatively few (5.8%) patients at the time of index hyperkalemia; however, a substantial number (24.0%) of patients received potassium binders during follow-up, comparable to the number of patients who initiated diuretics (25.6%). The percentage of patients with hyperkalemia who received a potassium binder was high in the CKD group (37.6%). This result indicates the need for potassium binders in patients with impaired renal function, as the complementary elimination pathway of potassium through the gastrointestinal tract is required. Despite such therapeutic needs, the average daily dose of potassium binders was lower than the recommended daily dose in almost all patients. Moreover, the survival curve of drug continuation indicated that a substantial number of patients experienced discontinuation early after index hyperkalemia. The mean medication possession ratio of potassium binders was less than the commonly used adherence target of 80%. [35] [36] [37] Potassium binders, including sodium polystyrene sulfonate and calcium polystyrene sulfonate, were introduced in clinical practice several decades ago and are now widely prescribed; however, patients often discontinue their use for various reasons, such as the occurrence of gastrointestinal adverse effects 38 or difficulties in drug administration. Suboptimal dose and treatment persistence can lead to poor control of the S-K level. Newer potassium-binding agents including patiromer and sodium zirconium cyclosilicate are expected to soon be available in clinical practice. With their improved tolerability for the continuous use, 29, 39 management of chronic hyperkalemia may be more facilitated.
Our study demonstrated that the S-K level had a U-shaped association with the 3-year survival for Japanese patients. These results are consistent with a previous study of patients with CKD from the United States not undergoing dialysis, which reported that both hyperkalemia and hypokalemia were associated with a higher risk of death, major adverse cardiovascular events, and hospitalization, and there were U-shaped associations between S-K level and adverse clinical outcomes. 40, 41 Mortality was increased at higher index S-K levels and in patients with advanced CKD stages. This result suggests that severity of CKD stages and hyperkalemia level might synergistically increase the mortality rate.
This study has several limitations. First, this study used hospital claims data, and such data were not collected for specific research purposes. Although we attempted to adjust for the influence of confounders, some missing values and residual confounding may exist. Several factors, such as nutritional status, 42 socioeconomic status, 43 and physical activity, 44 were reported to be associated with clinical outcomes. Information on such factors could not be collected in the present study; however, they need to be considered in evaluating the effect of S-K on long-term clinical outcomes. Because death records cover only deaths that occurred in hospitals, out-of-hospital deaths could not be captured. However, the patient records were collected systematically and electronically as part of routine clinical practice, which helps avoid recall bias in collecting clinical information. Nearly 100% of prescription information was captured. Although the results of S-K measurement could be affected by hemolysis, it was difficult to assess if the blood sample measurements in this study were affected by hemolysis. To mitigate the inclusion of patients affected by such factor, we required at least 2 S-K measurements $5.1 mEq/l to include only patients likely to have persistent hyperkalemia. Second, the data were collected mostly from secondary care hospitals. Therefore, this limitation should be considered when generalizing the present findings to the primary care setting. In fact, some patients had acute conditions at the time of index hyperkalemia. However, the data were collected from 359 hospitals across Japan, which improves their generalizability. The magnitude of risk associated with the S-K level may differ depending on whether the patients had acute or chronic conditions. Further analyses are required to understand the differences in each condition. Finally, because this is an observational study, care needs to be taken when interpreting the results. The association found in this study cannot be directly considered as a causal relationship.
In conclusion, by using a large hospital claims database, we reported the epidemiological data of hyperkalemia in Japanese clinical practice, including its prevalence, incidence, treatment patterns, and management of hyperkalemia. A U-shaped association between S-K level and mortality was observed with the nadir at 4 mEq/l. As for the occurrence of hyperkalemia, there is a notable association with high-risk clinical features (e.g., CKD, HF, and use of RAASi), and a substantial number of patients remain hyperkalemic after their treatment. More than half of the patients discontinued RAASi after the index hyperkalemia episode. Suboptimal doses of potassium binders or poor persistence to treatment can lead to the recurrence of hyperkalemia during long-term clinical care. Continuous monitoring and correction of S-K may optimize patient outcomes over the course of long-term clinical management.
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